ABSTRACT This paper presents a cable driven astronaut rehabilitative training (ART) robot, which can provide astronauts with multiple physical exercises including bench press, running, and deep squat to alleviate and resist the adverse effects induced by space adaptation syndrome. First, the modular reconfiguration of the ART driven by a cable is proposed to simulate the load characteristics of the gravity environment. Second, in order to improve the accuracy of the ART, the force control strategy is presented. The controller consists of two parts: high-level controller, which to calculate the desired cable tension and low-level controller, which to make each cable achieve the desired tension. Finally, to validate the effect of the ART, three (adult male) weight lifters were recruited to perform several bench press exercises with the barbell and ART. The analysis of the surface electromyography (sEMG) of triceps brachii and pectoralis major during real bench press and bench press simulated by the ART was conducted. The performance of the ART and the data of sEMG demonstrate the controller is effective and the ART can effectively assist astronauts to carry out bench press exercises in space.
I. INTRODUCTION
In recent decades, numerous countries have identified the importance of aerospace research, dedicated increasing manpower and financial resources to related scientific investigation, particularly manned space flight. However, long-duration space flights have many risks and challenges to the health of astronauts. One of the biggest adverse impacts is the dramatic loss of muscle and bone mineral density induced by the microgravity environment in space [1] - [3] . To eliminate the harmful effects, researchers have identified the significance of sport exercise [4] and developed a variety of resistance exercise devices. The flywheel exercise device (FWED) proposed by Hueser et al. [5] , is a device based on the YoYo principle, which provides resistance during coupled concentric and eccentric muscle actions, through the inertia of a spinning flywheel. The Treadmill with Vibration Isolation and Stabilization System (TVIS) invented by NASA is a treadmill with stabilizing systems to maintain a relatively stable exercise surface [6] . The advanced resistive exercise device (ARED) presented by NASA uses vacuum cylinders to provide resistance throughout the range of motion [7] .
All existing equipments can achieve physical training in space, but also demonstrate several disadvantages: 1) most training devices serve singular function; 2) occupy a lot of space; 3) extremely high cost. To solve these problems, this paper proposes a cable driven Astronaut Rehabilitative Training robot (ART). Compared with traditional robots, the cable driven robots have the advantages of low manufacturing cost, large workspace, low inertia of system, high velocity and occupy a small room. Vineet Vashista presents a cable driven Active Tethered Pelvic Assist Device (A-TPAD) for gait rehabilitation that can apply a controlled external wrench to the human pelvis in any direction [8] . SK Agrawal proposes a lightweight exoskeletons for arm rehabilitation, cables are routed through cuffs to move the limb segments relative to each other [9] . Amir Khajepour develops a high speed robotics that used for the manufacturing industry. In the device, cables replace rigid links in parts of the mechanism to further reduce inertia and increase speed [10] . Bin Zi presents cable parallel manipulators for multiple cranes (CPMMCs) that have better lifting capability than a single crane and can be applied in complex lifting tasks [11] . Wang et al. [13] and Tang [13] proposes a 6-DOF low-gravity environment simulation device with eight cables. However the force control theoretical research in cable driven system is not in deep. Therefore, in order to improve the performance of ART, the study of cable force control is carried out. The ART is a robot that controlled by upper computer to assist astronaut realize exercise during the space trip, it has several advantages: 1) multiple functions: bench press, running and deep squat; 2) the load force is adjustable; 3) takes small room; 4) can be easily transported and installed; 5) low-cost.
Surface electrodiagnostic (sEMG) can be easily collected by placing electrodes on the skin overlying a muscle to detect the electrical activity of the muscle [14] - [16] . One basic function of sEMG is to see how well a muscle can be activated, describe the increase and decrease of muscle force output over a period of time [17] . The muscle activation degree will be not different in same action at same load characteristic. Previous authors have all separately utilized sEMG to analyze the differences effect in bench press exercises conducted on stable and unstable surfaces, stable and unstable loads [18] - [20] . To validate the effect of ART and analyze the difference in muscle activation degree between bench press simulated by ART (BPA) and real bench press (RBP), the sEMG of the major muscles are recorded in this study. The rest of the paper is organized as follows: section two presents the ART; the control strategy is presented in section three; the method, subjects, platform and data collection process of the experiment are described in section four; section five provides the results of the BPA and RBP experiments; finally, the conclusions and future research are given in section six. The ART is presented in Fig. 1 . Six CDUs are symmetrically arranged on the frame. Fig. 2 (a) shows the bench press mode, astronaut lays down on the bench and the terminals of the cables are fixed on both ends of the bar; (b) presents the running mode, astronaut runs with the treadmill and the terminals of three cables are fasten on astronaut's waist; (c) illustrates the deep squat mode, astronaut puts bar on shoulders, the arrangement of cables are same to (a). When astronaut lifting the bar, running on the treadmill or doing deep squat, the resistance will be loaded to astronaut's body through CDUs which are controlled by upper computer. The modular design of CDU makes the ART much more costeffective and more convenient to transport and install.
II. ASTRONAUT REHABILITATIVE TRAINING ROBOT
The structure of the CDU is shown in Fig. 3 . A DC toque motor is employed due to its flexible mechanical characteristics. The tension sensor which is rigidly connected via a pulley is fixed inside the CDU. The direction of the cable is adjusted by 180 degrees through the pulley, which can incur twice of the cable tension measured by the sensor. So the influence of system noise to the measurement accuracy will be decreased by one half. The pinch roller ensures the cable to twine around the traction pulley, and that improves the precision of cable length measured by the encoder.
III. TWO LEVEL FORCE CONTROLLER FOR ASTRONAUT REHABILITATIVE TRAINING ROBOT
The overall structure of two level force controller for ART is shown in Fig. 4 . f d represents the desired load for astronaut, f di (i = 1, 2, . . . , 6) stands for the desired tension of ith cable, f i (i = 1, 2, . . . , 6) denotes the actual tension of ith cable. The major function of the high level controller is to calculate the desired tension of each cable. It consists of two parts: force planning algorithm and horizontal force compensation algorithm. The low level controller makes sure the actual cable tension to track the desired value. 
A. HIGH LEVEL CONTROLLER 1) FORCE PLANNING ALGORITHM
The role of force planning algorithm is to utilize the desired resultant force f d and cable length to calculate the tension of each cable.
Both of the two ends of the bar have the same characteristics during the bench press. Therefore, we can take one end of the bar as research object to carry out force analysis. The three cables intersect at one end of the bar presented in Fig. 5 . The force f d can be simplified to the resultant force of the three cable tensions. f 1 , f 2 and f 3 represent the tension of each cable. The rectangular coordinate system o-xyz can be established based on the midpoint of
Based on the geometrical relationship of the G − B 1 B 2 B 3 , the (1) can be acquired.
According to (1) , the coordinate of point G could be solved as (2) .
To simulate mechanical properties of the RBP, the resultant force f d should be vertically downward. In other words, the components of the resultant force f d in x and y direction should be zero. Thus the cable tension f 1 , f 2 andf 3 should satisfy the constraints as (3).
In (3), f x , f y and f z denote the components of resultant force in x, y and z direction respectively. f ix , f iy and f iz (i = 1, 2, 3) denote the components of ith cable tension in x, y and z direction respectively. Set α i , β i and γ i (i = 1, 2, 3) as the angles between ith cable and positive x-axis, positive y-axis and positive z-axis. Equation (3) can be organized as (4) .
According to the geometrical relationship, cosines of α i , β i and γ i (i =1, 2, 3) can be described as follow.
Then the tensions of the three cables can be derived as (5) .
From (5) we can see that the accuracy of high level controller is influenced by the measured cable length precision. The CDU ensures the accuracy of the cable length by utilizing encoder and pinch roller. 
2) HORIZONTAL FORCE COMPENSATION ALGORITHM
As the influence of the noise and sensor error in the real system, the components of the actual resultant force in x and y direction are always not zero. The horizontal force will be derived. The compensation link should be added to eliminate the horizontal force. In order not to reduce the speed of the load system, the approximate method is utilized as shown in (6) .
, f x and f y are calculated in previous section.
B. LOW LEVEL CONTROLLER
The mathematical model of CDU is the key in cable force controller design. Therefore, the diagram of the CDU loading system considering the effect of the astronaut's motion is shown in the Fig. 6 . u represents the input voltage of the motor, V 0 is the velocity of the cable, L denotes the inductance of the motor, R stands for the resistance of the motor, r is the radius of the traction pulley, J m stands for the inertia of the motor rotor and traction pulley, B m represents the damping factor of the motor, C m denotes the torque constant of the motor and C e represents the back-EMF constant of the motor, M is the mass of the cable, B is the damping factor of the cable and K is the stiffness constant of the cable, F is the output force of the CDU. Thus the mathematical model of the CDU can be organized as follow.
M 1 (s) is the forward channel transfer function that take U as input and take F as output, M 2 (s) is surplus force transfer function that take V 0 as input and F as output. 
In (8) and (9), J e =Mr 2 +J m , B e = Br 2 +B m are the equivalent mass moment of inertial and the equivalent damping coefficient of the CDU respectively.
As the M 1 (s) is the type 0 system, the system can not meet the requirement of eliminating the steady error. General feedback control has the limited capacity in balance the dynamic and static characteristics, also limited in balance the disturbance rejection and tracking the reference signals. Therefore, the low level controller adopts the combination of the feedback control and feedforward control. It is composed chiefly of integral corrective link, local negative feedback correction link G p_lead (s), feedforward link G ff (s) and filter element G bs (s). The main feedback controller utilizes integral control to change the system from type 0 to type I. Its major function is to improve the system steady-state accuracy. The local negative feedback correction link G p_lead (s) illustrated in (10) adopts phase lead correction link to compensate the insufficient dynamic quality of passive objects. The feedforward link G ff (s) is set as proportional component. The combination of feedforward link G ff (s) and local negative feedback correction link G p_lead (s) improves the rapidity of the servo system. To eliminate the affect of noise on the system performance, the feedback signal is filtered with double T band-stop filter G bs (s) presented in (11) .
G bs (s) = 1.014 × 10 −5 s 2 + 6.369 × 10 −5 s + 1 1.014 × 10 −5 s 2 + 6.369 × 10 −4 s + 1
It could be found from M 2 (s) that the movement of astronaut will disturb the CDU, generating surplus force that affects the precision of the load system. Therefore, it is very significant to take rejection measures to eliminate the surplus force. According the structure invariance principle to improve the controller in the aspect of software is much more efficient and affordable than in the aspect of hardware. The G cv (s) is the compensation link that utilize the speed of the cable as input to compensate the surplus force as shown in (12), τ is the time constant of the filter link.
IV. EXPERIMENTAL STUDY OF BENCH PRESS A. EXPERIMENTAL METHODS
In order to investigate the effectiveness of the force control strategy and BPA resistance training effect, weight lifters were asked to perform both RBP and BPA with various loads. Participants performed twice at each load, each time for 30 seconds, every time they may finish 7-8 bench presses. The sEMG of triceps brachii and pectoralis major muscles were collected during the lifting process. Both RBP and BPA were conducted on a flat bench under supervision.
B. SUBJECTS
Three male subjects were recruited to perform the test at 20 • C. Subjects B and C reported previous bench press experience, whereas subject A reported no bench press experience but involvement in other physical activities. All subjects reported no ongoing or previous injuries, and were instructed to perform warm-up exercises before testing to avoid injury. The early test showed that subject A had the minimum ability to do bench press, the maximum weight that subject A could lift was 12 kg. So the payloads were chosen as 8 kg, 10 kg and 12 kg by selecting different weight plate.
C. EXPERIMENTAL PLATFORM
The diagram of the experimental platform is shown in Fig. 7 , it is comprised of subject, IPC, dSPACE 1103 real-time hardin-loop simulation system, amplifier circuits, the astronaut rehabilitative training robot, sEMG sensors and F.A.B biosyn systems. The basic principle of the BPA is that, by predetermining the control strategy, the upper computer (IPC) sends the control command to the amplifier circuit in the form of a PWM signal via the CAN port of the dSPACE. After enlargement by the amplifier circuit, the command is inputted into the CDU as voltage. Thereafter, the tension sensor detect the cable tension, which will be inputted via the filter circuit into the I/O port of dSPACE. The encoder measures the length of the cable and sends the signal into the dSPACE via the encoder port in the form of impulses. The information collection process during astronaut motion coupled with RBP and BPA is described as follows. During the bench press action, astronaut limb motion is primarily driven by the pectoralis major, pectoralis minor, deltoid and triceps brachii. In this study, only the sEMG of pectoralis major and triceps brachii are evaluated. Fig. 8 illustrates the placement of the noninvasive sEMG electrodes and F.A.B sensors. Before placing the electrodes, the skin of participants is prepared by the removal of body hair and sterilization with alcohol. The locations of the electrodes and F.A.B sensors are determined with reference to a muscle VOLUME 5, 2017 testing textbook and F.A.B. handbook [21] - [23] . The sEMG sensors record the activation degree of the pectoralis major and triceps brachii (voltage) at a sampling rate of 1000 Hz, the frequency interference of 50 Hz is eliminated with an active dual T band-stop filter, after which the raw data is sent to IPC via the I/O port of the dSPACE. The F.A.B recorder is utilized to store the extension and flexion angles of shoulder and elbow, which are wirelessly transmitted by the F.A.B sensors. The dSPACE ControlDesk is used to record the input and output data of the CDUs and the sEMG of muscles.
D. DATA PROCESSING
The measured sEMG signals acquired from the two muscle sets must be processed to determine the muscle activation features. The root mean square (RMS) is widely utilized to express the sEMG time domain features, as described by (13) .
In (13), u i is the voltage value at the ith sampling and N is the number of samples in each period.
As the number of values collected during each bench press cycle is different, the RMS requires further processing. Thus, each cycle is equally divided into forty periods, and the mean value of each period is calculated, respectively. Each period has q numbers, and the average value (S k ) of the kth period is calculated according to (14) .
Additionally, iEMG can be obtained from (15) , which is also employed to illustrate the effect of BPA. The sEMG of each cycle is divided into 40 equal periods.
One-way ANOVA analyses is used to analyze the difference in muscle activation degree between RBP and BPA. The significance level is set to 0.05 in SPSS 19.0.
V. RESULTS
A. TENSION OF THE CABLE Fig. 9 to 17 illustrate the performance of ART at one end of the bar in a single cycle of BPA at 8 kg, 10 kg and 12 kg respectively. Each cycle of the bench press started at the lowest position of the bar, then rose to the highest position at the 50% of the total cycle and went back to the to start position at 100% of the cycle. From the performance of the ART, it can be seen that the control strategy is effective that the tracking error of cable tension is less than 5 N and the horizontal force is less than 5 N. As the combine impact of the tracking error of cable tension and the horizontal force, the accuracy of the resultant force become lower, even so, the error is less than 10 N. 
B. THE RESULTS OF sEMG
As shown in Tables II and III , most of the data show that the iEMG and RMS values of triceps brachii and pectoralis major during BPA are slightly greater than in RBP. same degree. The tests represent that pectoralis major muscle of subject A under 12 kg has a high activation degree with ART than RBP, the tests also represent the triceps brachii and pectoralis major muscles of subject B under 10 kg and 12 kg, respectively, have a high activation degree with ART than RBP.
VI. CONCLUSIONS AND FUTURE WORK
According to the performance of the ART and the analysis of the sEMG of the subjects' muscles, it proves that the structure of the ART is reasonable, the two level controller is effective in cable tension control and the BPA has a nearly identical training effect as RBP. It is beneficial for astronauts to carry out multiple resistance training exercises while in space to alleviate the effects space adaptation syndrome.
Future work will concentrate on ameliorating the control strategy to improve the accuracy of the resultant force and carrying out other forms of physical exercise with ART. 
